Pathological cardiac hypertrophy is an inevitable forerunner of heart failure. Regardless of the etiology of cardiac hypertrophy, cardiomyocyte mitochondrial alterations are always observed in this context. The translocases of mitochondrial outer membrane (Tom) complex governs the import of mitochondrial precursor proteins to maintain mitochondrial function under pathophysiological conditions; however, its role in the development of pathological cardiac hypertrophy remains unclear. Here, we showed that Tom70 was downregulated in pathological hypertrophic hearts from humans and experimental animals. The reduction in Tom70 expression produced distinct pathological cardiomyocyte hypertrophy both in vivo and in vitro. The defective mitochondrial import of Tom70-targeted optic atrophy-1 triggered intracellular oxidative stress, which led to a pathological cellular response. Importantly, increased Tom70 levels provided cardiomyocytes with full resistance to diverse pro-hypertrophic insults. Together, these results reveal that Tom70 acts as a molecular switch that orchestrates hypertrophic stresses and mitochondrial responses to determine pathological cardiac hypertrophy. Keywords: pathological cardiac hypertrophy; translocases of mitochondrial outer membrane; optic atrophy-1; oxidative stress Cell Research (2014) 24:977-993.
Introduction
Heart failure is the final stage of various cardiac diseases and is a major cause of morbidity and mortality worldwide [1] . Two hallmarks of chronic heart failure are cardiac hypertrophy and reduced contractility of viable myocardium [2, 3] . As the precursor of heart failure, cardiac hypertrophy is an extremely stereotypic response of the heart to long-standing stresses, such as chronic pressure, volume overload or neurohormonal stimuli [4] . Cardiac hypertrophy can generally be categorized as physiological or pathological hypertrophy. An initial hypertrophic response is adopted to maintain cardiac output. After an initial phase of compensation, if hypertrophic growth leads to cardiac dysfunction, then the hypertrophy is considered pathological [4] . Mitochondria are central to cardiac stress responses [5, 6] . Studies of pathological cardiac hypertrophy have reported obvious mitochondrial abnormalities, such as pronounced changes in the composition and function of the mitochondrial proteome [5] . However, the molecular mechanism of the mitochondrial alterations underlying pathological cardiac hypertrophy remains unclear.
Mammalian mitochondria contain approximately 1 000 different proteins. The vast majority of mitochondrial proteins are encoded by nuclear DNA, synthesized as precursor proteins in the cytosol, and imported into the mitochondria; only ~1% of mitochondrial proteins are encoded by mitochondrial DNA. The dynamic import of these precursor proteins into mitochondria is critically required for the maintenance of mitochondrial functions ranging from cell signaling to the regulation of cell fate beyond intrinsic energy generation [7] .
All mitochondrial preproteins are imported via a general entry gate: the translocases of mitochondrial outer membrane (Tom) complex, which comprises a central channel (formed by Tom40, Tom5, Tom6 and Tom7) and three receptors (Tom70, Tom20 and Tom22) [8] . The precise targeting of mitochondrial precursor proteins requires the recognition of mitochondrial targeting signals. Tom20 and Tom70 recognize mitochondrial-targeting sequences on the precursor proteins and transfer these preproteins to Tom22 and the central channel [7, 8] . Accumulating evidence indicates that the assembly of the Tom complex exhibits obvious plasticity in response to a variety of stressors, including enhanced contractile activity of skeletal muscle [9] and elevated levels of thyroid hormones and cytosolic kinases [10, 11] . These studies suggest that the Tom complex might incorporate a molecular toggle that fine-tunes mitochondrial biogenesis and bioenergetics to meet metabolic demands under stress. There is substantial interest in determining whether Tom complex components are altered in pathological cardiac hypertrophy.
Using various pathological cardiomyocyte hypertrophy models in vivo and in vitro, in combination with a model organism, we revealed that Tom70 functions as a molecular switch to determine pathological cardiac hypertrophy by integrating hypertrophic stresses and mitochondrial responses. The pathological overgrowth of Tom70-deficient cardiomyocytes was mediated through oxidative stress associated with the defective import of a mitochondria-shaping protein, optic atrophy-1 (Opa1). To our knowledge, this is the first study to show a link between the Tom machinery and cardiovascular diseases.
Results

Characterization of the expression of Tom machinery components in pathological hypertrophic hearts
To identify mitochondrial molecular signatures underlying pathological cardiac hypertrophy, we performed mRNA screens for all known Tom complex genes that might undergo changes in end-stage failing human hearts. This screen revealed a marked decrease in the expression of Tom70 ( Figure 1A ).
Given the reduction in Tom70 expression in the human pathological hypertrophic cardiac samples, we hypothesized that Tom70 expression might also be downregulated in adult animal hearts through chronic pro-hypertrophic insults. In a rat model, cardiac hypertrophy was generated through subcutaneous isoproterenol injection [12] . The hypertrophy developed gradually and peaked on days 14-17 ( Figure 1B ). Ventricular fractional shortening, an important index of cardiac function, showed a similar pattern ( Figure 1B) . Following the pathological progression of cardiac hypertrophy, the expression of Tom70 protein in the left ventricular myocardium was progressively downregulated ( Figure 1C) . A similar pattern of Tom70 expression was observed in a mouse cardiac hypertrophy model in which transverse aortic constriction was used to induce pressure overload on the heart, leading to pathological cardiac hypertrophy and dysfunction ( Figure 1D ). Collectively, these results show that Tom70 expression is reduced in the pathological hypertrophic hearts.
Tom70 is downregulated during pathological cardiomyocyte hypertrophy
Ventricular myocyte enlargement is a hallmark of cardiac hypertrophy [4] . To characterize the expression of Tom70 in hypertrophic cardiomyocytes, several well-established experimental models of pathological cardiomyocyte hypertrophy employing cultured neonatal rat ventricular myocytes (NRVMs) [13] were adopted. The application of isoproterenol (ISO, 1 µM), angiotensin-II (Ang-II, 100 nM) or endothelin-1 (ET-1, 100 nM) alone to the culture medium of spontaneously beating NRVMs for 48 h induced a characteristic hypertrophic effect, as evidenced by an obvious physical signature of hypertrophy, changes in cell surface area, and alterations of the expression of principal biomarkers atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP) and alpha-myosin heavy chain (α-MHC). As expected, these pathological provocations led to a significant increase in the size of the NRVMs (Figure 2A and 2B), elevations in ANP and BNP mRNA expression and a reduction in α-MHC expression ( Figure 2C ). Immunoblot analyses revealed a time-dependent reduction in Tom70 protein in response to these pro-hypertrophic stimulators ( Figure  2D ). These results provide further support for the potential link between Tom70 reduction and pathological cardiac hypertrophy.
Knockdown of Tom70 induces pathological cardiomyocyte hypertrophy in vitro
The reduced expression of Tom70 in cardiomyocytes during pathological cardiac hypertrophy suggested a potential functional role for Tom70 in this process. To examine this hypothesis, we knocked down Tom70 in intact NRVMs using siRNA. The decrease in Tom70 levels by siRNA induced a clear increase in cell size in the absence of pro-hypertrophic stimulators ( Figure 3A and 3B). The The expression of Tom complex genes in human cardiac tissues (n = 5 per heart failure (HF); n = 3 per non-failing control (NF)).
(B) Echocardiographic analysis of heart weight/body weight (HW/BW), left ventricular posterior wall thickness (LVPWTd) and fractional shortening (FS) of rats after isoproterenol (ISO) injection. The upper panels show typical echocardiograms at the indicated times. (C, D) Western blot analysis of Tom70 protein in the hearts of rats subjected to ISO injection (C) and mice after TAC (D). GAPDH from the lysates was immunoblotted as a loading control. n = 8 per animals with pathological cardiac hypertrophy; n = 6 per control. The data represent the means ± SEM. *P < 0.05 versus the respective control, as determined using one-way ANOVA. Figure 3C ) without affecting cell viability ( Figure 3D ).
To exclude a potential role of cardiac fibroblast transdifferentiation in the Tom70 reduction-related cardiac hypertrophy, we also studied the effects of Tom70 knockdown on fibroblast transdifferentiation into cardiomyocytes. Our results showed that Tom70 reduction did not affect the expression of cardiogenesis markers, including MEF2C, GATA4, Nkx2.5, actinin, β-MHC and Troponin T, in the fibroblasts (Supplementary information, Figure  S1 ). Thus, Tom70 deficiency-induced cardiomyocyte hypertrophy did not involve cardiac fibroblast transdifferentiation.
Tom70 reduction results in pathological cardiac hypertrophy in vivo
To confirm the link between Tom70 reduction and pathological cardiac hypertrophy, we next examined whether Tom70 modulated the in vivo growth of cardiomyocytes in zebrafish, an excellent model organism for obtaining insights into various cellular aspects of vertebrate cardiac development [14] . First, we identified the protein sequence of the zebrafish ortholog of Tom70, which has overall identity to the human (79%), mouse (81%) and rat (78%) Tom70 orthologs (Supplementary information, Figure S2A ). Tom70 is expressed in the heart, liver, brain and skeletal muscle tissues of adult zebrafish (Supplementary information, Figure S2B ).
To inactivate zebrafish tom70, morpholino-modified antisense oligonucleotides directed against either the translational start site (MO-Tom70 ATG ) or the splice donor site of exon 1 (MO-Tom70) were injected into single-cell zebrafish embryos carrying a transgene for specific cardiac myosin light chain-2 (cmlc2)-GFP. MO-Tom70 was designed to block splicing at the exon 1-intron 1 boundary, leading to either the inclusion of intron 1 into the mature transcript, resulting in the introduction of a premature stop codon, or the skipping of exon 1, resulting in a shift in the reading frame and the premature termination of protein translation. We detected both aberrant splice products in the injected embryos, whereas wildtype tom70 mRNA was completely absent ( Figure 4A) . A western blot analysis confirmed the effective knockdown of the Tom70 protein using MO-Tom70 or MO-Tom70 ATG ( Figure 4B ).
During the first 2 days of development, the MOTom70 ATG -or MO-Tom70-injected embryos exhibited normal heart morphogenesis, such as heart tube jogging, looping and heart chamber demarcation, compared with the MO-ctrl-injected embryos. However, we observed an evident increase in cardiomyocyte size and concentric cardiac hypertrophy in the Tom70 morphants (Supplementary information, Figure S2C and Movie S1) 2 days post fertilization (dpf). Figure 4C shows zebrafish hearts dissected at 2 dpf and subjected to nuclear (DA-PI-blue) and plasma membrane (Zn-8-red) staining. The quantification of these images revealed cardiomyocyte enlargement in the Tom70 morphants; however, no significant change in cardiomyocyte number was observed ( Figure 4D ). At 5 dpf, the thickness of the ventricular wall was markedly increased and the ventricular cavity was constricted in the morphants, as demonstrated by a high-magnification observation of the heart and immunological staining of cardiac sections in the diastole phase ( Figure 4E ). The analysis of cardiac function revealed reduced ventricular contractility in the morphants after 2 dpf, as determined by ventricular fractional shortening ( Figure 4F ), a typical feature of pathological cardiac hypertrophy. This pathological growth behavior of the cardiomyocytes was almost fully counteracted by the cardiac-specific overexpression of human Tom70 under the control of the zebrafish cmlc-2 promoter region (Supplementary information, Figure S2D and S2E and Movie S2). In another set of experiments, we analyzed the potential role of Tom70 in early heart development by profiling the expression of cardiogenesis markers, including GATA4, Hand2 and NKx2.5 (Supplementary information, Figure S2F ). The results revealed that Tom70 reduction had no effect on these markers. Thus, Tom70 might play an essential role in regulating cardiomyocyte growth, and reduced Tom70 expression leads to pathological cardiac hypertrophy without affecting early cardiogenesis or cardiomyocyte proliferation.
Oxidative stress mediates Tom70 deficiency-induced cardiomyocyte hypertrophy
Substantial evidence has indicated that oxidative stress might be the common mechanism underlying the pathological cardiac hypertrophy stimulated by hemodynamic overload and G protein-coupled receptor agonists [15] . We observed that Tom70 reduction induced an overt elevation of reactive oxygen species (ROS) in NRVMs, which resembled the effects of pathological provocation using ET-1 for 48 h ( Figure 5A ). The application of the antioxidant N-acetyl-cysteine (NAC, 2 mM) and catalase (100 U/ml) greatly ameliorated cardiomyocyte enlargement ( Figure 5B and 5C) and the expression change of ANP, BNP and α-MHC ( Figure 5D -5F), further supporting an important role for oxidative stress in the Tom70 deficiency-induced cardiomyocyte hypertrophy.
To investigate the potential in vivo effects of oxidative stress induced by Tom70 deficiency on pathological cardiac hypertrophy, we analyzed the levels and effects of ROS in the heart. The in vivo staining of zebrafish embryos at 2 dpf with MitoSOX Red revealed the presence of high levels of ROS in the hearts of Tom70 morphants compared with MO-ctrl ( Figure 5G ). We also measured the expression levels of a regulated set of genes involved in cardiac hypertrophy, including ANP, α-MHC and GATA4 [16, 17] , in the morphant hearts. As shown in Figure 5H , the inactivation of Tom70 increased the expression of ANP and reduced the expression of α-MHC and GATA4. These effects were mitigated by the administration of NAC. Thus, the combined in vitro and in vivo data identified oxidative stress as a conserved pro-hyper- ATG for 48 h with or without NAC (2 mM). NS: nonsignificance. *P < 0.05 versus the respective control using one-way ANOVA. 
Abnormal mitochondrial fusion caused by defect in a mitochondria-shaping protein, optical atrophy-1, underlies oxidative stress caused by Tom70 deficiency
ROS are primarily generated in mitochondria, and mitochondrial abnormalities induce ROS overproduction [18] . Using transmission electron microscopy, we observed that mitochondria in the ventricular myocytes of Tom70 morphants exhibited blurred cristae, swelling and fragmentation ( Figure 6A ). This abnormal organelle morphology was also observed in the pathological hypertrophic hearts of experimental animals and Tom70-deficient NRVMs (Supplementary information, Figure S3A and S3B). Using MitoTracker, a mitochondria-localizing fluorescent probe, we next analyzed the dynamics of mitochondria in primary cardiomyocytes. The cytoplasm of control NRVMs contained a mitochondrial network with a long filamentous shape; however, this network was fragmented into small organelles in Tom70-deficient cells ( Figure 6B and 6C). These observations suggest that Tom70 is crucial for the maintenance of mitochondrial morphology, and reduced Tom70 expression impairs mitochondrial fusion in cardiomyocytes.
Based on the observations of mitochondrial morphology described above, the proteins responsible for mitochondrial fusion and fission were expected to be altered in Tom70-deficient cardiomyocytes. First, we isolated and purified total mitochondrial proteins from the Tom70-deficient NRVMs to perform a proteome analysis. When we compared the two-dimensional gel electrophoresis protein patterns in mitochondria from control (scramble-treated) and Tom70-deficient cells, we observed a reduction in the expression of optical atrophy-1 (Opa1; Supplementary information, Table S1 ), a protein located in the inner mitochondrial membrane that is critically responsible for mitochondrial fusion [19] . In separate experiments, an immunoblot analysis verified that a long isoform of mitochondrial Opa1 protein was reduced, but other well-known proteins involved in the regulation of mitochondrial morphology, such as dynamin-related protein-1 (Drp1) and mitofusion-1 and mitofusion-2 (Mfn1/2), were not reduced ( Figure 6D , 6E and Supplementary information, Figure S4A ). These results suggest that the abnormality in mitochondrial morphology caused by Tom70 reduction is associated with deficiency in mitochondrial Opa1.
We also explored the potential causes of mitochondrial Opa1 deficiency. Using real-time PCR, we measured the Opa1 mRNA expression in cardiomyocytes. We observed that the Opa1 transcript levels did not differ between Tom70-deficient NRVMs and intact cardiomyocytes or between rat HF hearts and related controls (Supplementary information, Figure S4B and S4C), suggesting that the change in Opa1 protein levels is post-transcriptionally regulated. We further assessed the potential association between Tom70 and Opa1 using immunoprecipitation-based assays. The immunoprecipitation of endogenous Tom70 pulled down endogenous Opa1 from lysates of freshly isolated intact cardiomyocytes, and vice versa ( Figure 6F ). As Tom20 is an alternative receptor that is important for mitochondrial preprotein recognition and transport, the possibility of Opa1 binding to Tom20 was also analyzed. Coimmunoprecipitation assays showed that Opa1 did not physically interact with Tom20 in myocytes ( Figure 6F ). Moreover, we performed a cell-free import assay to investigate whether Tom70 plays a role in the mitochondrial import of Opa1. Cell-free translated biotin-labeled Opa1 was incubated with mitochondria isolated from intact and Tom70-deficient NRVMs, and the results showed that the import efficiency of Opa1 was considerably reduced upon Tom70 knockdown (Figure 6G) . Collectively, defects in Tom70-targeting import contribute to the reduction in mitochondrial Opa1 and the consequent disruption of mitochondrial morphology in pathological hypertrophic cardiomyocytes.
As Opa1 deficiency is critically responsible for Tom70 deficiency-induced cardiomyocyte hypertrophy, we further tested whether loss of Opa1 function in zebrafish embryos would produce a similar cardiac phenotype. A translation-blocking morpholino directed against Opa1 (MO-opa1 ATG ) was used to downregulate Opa1 in zebrafish. Western blot analysis confirmed that the injection of MO-opa1 ATG reduced the expression of Opa1, whereas the controls were unaffected. The inactivation of Opa1 obviously enlarged the ventricular myocytes at 2 dpf compared with MO-control-injected zebrafish embryos ( Figure 6H ). Ultrastructural observations revealed fragmented mitochondria with blurred cristae in the hearts of the opa1 morphants (Supplementary information, Figure S5 ), similar to the morphology observed in the Tom70-morphant hearts ( Figure 6A ). Thus, deficiency in mitochondrial Opa1 mimics the cellular features of pathological cardiac hypertrophy induced by Tom70 deficiency.
Enforced expression of Tom70 provides potent cardioprotection against the pathological hypertrophy caused by pro-hypertrophic insults
To confirm the causative effects of Tom70 reduction on pathological cardiomyocyte hypertrophy, we further examined whether cardiomyocyte Tom70 might provide inherent protection against the pathological growth induced by multiple pro-hypertrophic insults. We observed npg www.cell-research.com | Cell Research that the adenovirus-mediated overexpression of Tom70 did not alter cell size under basal conditions, but it fully ablated the hypertrophic responses of NRVMs to ISO, Ang-II or ET-1 treatment, as evidenced by the restoration of cell size and ANP expression ( Figure 7A-7C ). These data demonstrate that multiple hypertrophic stresses might converge on the mitochondrial receptor Tom70 and that the increased expression of Tom70 is sufficient to abolish the pathological hypertrophic growth of cardiomyocytes caused by pathological provocations.
Next, we evaluated whether a systemic effect resulting from Tom70 overexpression in the heart also has a significant influence on pathological hypertrophy in a mouse model of cardiac hypertrophy. An adenoviral vector expressing Tom70 was administered through direct injection into the ventricular cavity of mice. Following adenoviral injection, the expression of Tom70 in the ventricular myocardium was confirmed using western blot analysis. The overexpression of Tom70 was detected 5 days after vector delivery, and levels above baseline persisted for at least 14 days ( Figure 7D ). Echocardiographic studies revealed overt cardiac hypertrophy in response to ISO-mediated adrenergic stress, whereas hypertrophy was reversed in the mice with Tom70 overexpression in this context ( Figure 7E ). Histological sectioning and hematoxylin-eosin (H&E) staining confirmed that enforced Tom70 expression resulted in a marked improvement in left ventricular posterior wall thickness ( Figure 7E ). The administration of Tom70 in the heart also reversed the prototypical gene expression pattern associated with pathological cardiac hypertrophy, as demonstrated by the normalized expression of ANP ( Figure 7F ).
Whether the cardioprotection of Tom70 was linked to the mitigation of myocyte oxidative stress was also examined. As shown in Figure 7G , the intracellular ROS levels of heart tissues were increased in the ISO-injected mice, but this was significantly attenuated in the Tom70-overexpressing mice. Together, these results indicate that the increased expression of Tom70 results in resistance to pathological cardiac hypertrophy and the improvement of cardiac function.
Discussion
The mitochondrial protein import machinery has been studied mainly in yeast and fungal model organisms [7, 8] . Two major pathways for importing precursor proteins into the mitochondrial outer membrane have been characterized in detail: the presequence pathway for the import of matrix proteins and the carrier pathway for the import of hydrophobic inner membrane proteins [7, 8] . Tom20 and Tom22 recognize the presequences of cleavable precursor proteins, and Tom70 typically recognizes hydrophobic precursor proteins with several internal targeting signals, many of which are inner membrane metabolite carriers [7] . Tom70 also functions as a docking site for cytosolic chaperones, such as Hsp70 and Hsp90, to receive mitochondrial proteins [20] , implying a distinct biological feature of Tom70 in cellular functions. Recently, mammalian counterparts of Tom70 have been identified [21] , but their functions in the heart remain unknown. Herein, we identified a marked reduction in Tom70 among the Tom complex proteins in pathological hypertrophic cardiomyocytes from different species and discovered that Tom70 knockdown induced the pathological hypertrophic growth of mammalian primary cardiomyocytes and zebrafish hearts without affecting fibroblast transdifferentiation into cardiomyocytes (Supplementary information, Figure S1 ) or the expression of early cardiogenesis markers (Supplementary information, Figure S2F ). However, the Tom70-mediated cardiac hypertrophy does not involve Tom20/22 receptors: Tom20 defect caused a lethal developmental defect (Supplementary information, Figure S6 ), and Tom22 knockdown did not induce obvious abnormalities in the heart [22] . Thus, our study provides evidence that Tom70 exerts an evo- ATG injection at 2 dpf. Lower right, quantification of the cardiomyocyte size from a total of 6-8 hearts per group. All the data were obtained from three independent experiments. *P < 0.05 versus the respective control using one-way ANOVA. A balanced activity of the fusion and fission machineries shapes the mitochondrial compartment, and the behavior of mitochondria allows the cell to respond to ever-changing stressful conditions [23] . The dynamic regulation of mitochondrial morphology is mediated by large guanosine triphosphatase proteins [19, 23] . These proteins include Drp1 and Fis1, which are responsible for mitochondrial fission, and Mfn1, Mfn2 and Opa1, which mediate fusion. Multiple lines of evidence highlighted Opa1 as a downstream effector of the Tom70-dependent pathway underlying the development of pathological cardiac hypertrophy. First, Tom70 downregulation induced mitochondrial fragmentation and swelling in cardiomyocytes. Second, among the above-mentioned mitochondria-shaping proteins, only Opa1 was found to be reduced in response to Tom70 deficiency. Third, Tom70 directly bound to Opa1, and a marked reduction in mitochondrial Opa1, resulted from the defects in Tom70-targeting import. Fourth, the Opa1 reduction greatly mimicked the phenotypes caused by Tom70 deficiency ( Figure  6 ). Finally, Opa1 reduction tightly links to the chronic pressure overload-induced cardiac hypertrophy and the concurrently fragmented and swollen mitochondria [24] . Additionally, it has been described that an increase in the short cytoplasmic fragments of Opa1 links to cell apoptosis [25] . The finding of the change in the long, but not the short, isoform of Opa1 ( Figure 6 ) may further account for the Tom70 deficiency-related cellular phenotypes.
Oxidative stress is the common mechanism of pathological cardiac hypertrophies induced by multiple etiologies [18] . Our results revealed that Tom70 reduction induced a widely changed expression of the components in the mitochondrial respiratory chains and the accumulation of ROS in the cardiomyocytes. NAC is an effective scavenger of free radicals and a major contributor to the maintenance of cellular glutathione status (antioxidative defense) in cardiac cells [26] . The beneficial effects of the antioxidative NAC ( Figure 7 and Supplementary information, Figure S7 ) suggest that Tom70 reduction induced the hypertrophic growth of cardiomyocytes mainly by promoting ROS generation. Mitochondria are an important source of ROS. Reduced NADH:ubiquinone oxidoreductases (also called complex I) and/or increased NADPH oxidase leads to oxidative stress [18] . A previous study showed that mitochondrial Opa1 reduction induced complex I deficiency through the disruption of mitochondrial morphology, leading to the accumulation of mitochondrial ROS [27] . Herein we identified Opa1 as a downstream effector of Tom70, and Tom70 reduction caused the significant downregulation of complex I activity (Supplementary information, Table  S1 and Figure S7 ). ROS scavenger NAC did not reconcile the reduced expression of Opa1 by Tom70 reduction and the Tom70 expression in hypertrophic cell models (Supplementary information, Figure S8 ), indicating that Opa1 acts as an upstream regulator of ROS generation in Tom70-deficient cardiomyocytes. Moreover, the collapse in mitochondrial membrane potential drives partial Opa1 degradation [28] . It is likely that the prior changes in mitochondrial membrane potential by Tom70 defect may further facilitate the reduction of Opa1. Taken together, these results lead to the reasonable deduction that impaired Tom70-targeted Opa1 import causes abnormal mitochondrial fusion and, consequently, a reduction in complex I activity, resulting in oxidative stress and pathological cardiomyocyte hypertrophy.
Our current findings indicated that multiple pro-hypertrophic signals converged on Tom70 and reduced its expression. The transcript levels of Tom70 were reduced in hypertrophic hearts and cardiomyocytes (Supplementary information, Figure S9 ), suggesting a defect in the transcriptional regulation of Tom70. A screen identified early growth response protein-1 (EGR1) as a transcriptional regulator of Tom70. EGR1 was downregulated in hypertrophic hearts, and its knockdown markedly reduced the protein level of Tom70 in cardiomyocytes (Supplementary information, Figure S9) . Thus, the lower synthesis of Tom70 may account for the reduction in Tom70 protein in hearts with pathological hypertrophy. Recent reports describe that Tom70 is essential for Pink1 translocation to mitochondria [29] , and Pink1 is required for mitophagy and subsequently ROS production [30] . To elucidate whether Pink1 was also involved in the development of cardiac hypertrophy caused by Tom70 reduction, we conducted knockdown experiments using Pink1 siRNA in cardiomyocytes. Our data showed that Pink1 knockdown could not induce a significant enlargement of cardiomyocytes (Supplementary information, Figure S10 ), precluding the contribution of Pink1 to the Tom70 reduction-mediated cardiomyocyte hypertrophy.
Several potential mechanisms may account for the cardioprotective effect of Tom70 overexpression against hypertrophic stress. On one hand, ROS are central for cardiac functioning under pathophysiological conditions. High levels of ROS have been found to promote the development of cardiac hypertrophy by regulating the expression of pro-hypertrophic factors [5] . Given that Tom70 overexpression inhibited ROS generation in cardiomyocytes subjected to hypertrophic stress (Supplementary information, Figure S7 ), it is plausible that Tom70 may protect the heart against hypertrophic stress by targeting ROS production. On the other hand, the starvation of intracellular bioenergetics contributes to the progression of cardiac hypertrophy and heart failure [4] [5] [6] . In view of our finding of the beneficial effects of Tom70 on ATP production in cardiomyocytes (Supplementary information, Figure S7 ), Tom70 overexpression may protect the heart from hypertrophic stress by maintaining bioenergetic homeostasis.
Pre-existing cardiac hypertrophy is a unique risk factor for developing heart failure. Pathological cardiac hypertrophy has been recognized as a new therapeutic target for heart failure and an independent predictor of cardiovascular mortality [3] . Despite the broad use of angiotensin-converting enzyme inhibitors, β-adrenoceptor blockers and aldosterone antagonists, heart failure remains a leading cause of mortality worldwide [1, 2] . Our data showed that overexpression of Tom70 provided cardiomyocytes with full resistance to diverse pro-hypertrophic insults, such as the G protein-coupled receptor agonists ISO, AngII and ET-1. Importantly, an in vivo study also confirmed that enhanced Tom70 levels protected the heart against pathological hypertrophy. These findings convincingly indicate that Tom70 may serves as a molecular switch to determine pathological cardiac hypertrophy.
In conclusion, Tom70 critically governs the development of pathological cardiac hypertrophy via the Tom70-Opa1-ROS signaling pathway. Tom70 modulates hypertrophic stresses and mitochondrial responses to dramatically abolish the hypertrophic effects induced by diverse pro-hypertrophic insults. The identification of a correlation between Tom machinery defects and cardiac hypertrophy may provide a novel therapeutic target for the prevention of pathological cardiac hypertrophy and heart failure.
Materials and Methods
Human heart samples
Approval for this study was obtained from the ethics committee of the Tongji University School of Medicine. This study complied with the principles governing the use of human tissues outlined in the Declaration of Helsinki. Informed consent was obtained from all the subjects.
Left ventricular samples were obtained from five explanted human hearts obtained at the time of cardiac transplantation and from the hearts of three healthy controls with no cardiovascular pathology. The controls were prospective multiorgan donors whose organs could not be transplanted because of technical reasons.
Animal models
This study conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (Publication No. 85-23, revised 1996) and the policies of the Animal Care and Use Committee of the Tongji University School of Medicine.
Heart failure models were established through the administration of ISO to Sprague Dawley (SD, male, 180-200 g) rats and by performing transverse aortic constriction in mice, as previously reported [12, 31] . Animal groupings and randomization were performed to ensure a balanced distribution of animals across all the study groups. The animal studies were not blinded: the same investigators performed the grouping and analyses, rendering the blinding of the studies unfeasible.
NRVM, culture and measurement of hypertrophic growth
NRVMs were isolated and cultured as previously described [13] . Briefly, neonatal rat pups (1-2 days old) were killed through decapitation, and their hearts were isolated and rinsed 2-3 times with PBS to remove debris. The ventricles were minced with scissors and placed in a small volume of PBS at 4 °C. After digestion with collagenase (2% w/v) and 0.5 ml of trypsin (2% w/v), the cells were centrifuged at 146× g at 4 °C for 1 min. The supernatant was discarded, and the pellet was resuspended in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and incubated at 37 °C in a 60-mm culture dish. As non-myocardiocytes attach to the substratum more quickly than myocardiocytes, the harvested cells were first incubated for 2 h to allow the attachment of non-myocardiocytes. The majority of myocardiocytes remained in the culture medium. The suspended cells were collected and plated at a density of 2 × 10 5 /ml into a new cell culture dish, and BrdU (0.1 mmol/l) was added to the culture medium for 72 h to prevent the proliferation of non-myocardiocytes. Twenty-four hours after seeding, the culture medium was changed to serum-free DMEM. npg www.cell-research.com | Cell Research A solvent carrier (control), 10 µM ISO (Sigma), 100 nM ET-1 (Sigma) or 100 nM AngII (Sigma) were added to the culture medium to induce cardiomyocyte hypertrophy. Forty-eight hours after the addition of drugs, the cells were stained with anti-α-actinin antibody (Sigma). Images of cultured cardiomyocytes were collected with laser confocal microscope (SP5, Leica) and were analyzed using the ImagePro Plus software (Media Cybernetics) to measure the cell surface area. In each group, the surface area was measured for >100 cells.
Zebrafish maintenance, morpholino microinjection, cell size measurements and quantification, and functional assessment
Zebrafish care and breeding were performed as previously described [32] . A morpholino-modified oligonucleotide from Gene Tools was directed against the translational start site (MO-Tom70: 5′-CTACGGGCTTCGATGCAGCCATCAT-3′) and the splice donor site of exon 1 (Tom70a-splice1-MO: 5′-AAATTAGGCTGAT-TACCAGGTTCTC-3′) of Tom70. The morpholinos were injected into wild-type embryos at the one-cell stage. As a negative control, a standard control oligonucleotide (5′-CTACcGcCTTCGATcCAcCgATCAT-3′) was injected at identical doses. Photographs and Movies were recorded at the indicated time points after the microinjection treatments. The dissection of beating hearts transgenic for a specific cmlc2 promoter at 48 h was followed by integrin staining (blue = DAPI, red = zn-8 and green = cmlc2:GFP), and the staining with both DAPI and Zn-8 per area of cardiomyocytes was assessed using confocal imaging. The cardiac output and stroke volume of the Tom70 morphants were monitored using a high-speed confocal laser line-scanning microscope (SP5, Leica).
Plasmid construction
To drive the cardiac-specific expression of Tom70 in zebrafish hearts, the Tom70-coding sequence was amplified from a cDNA clone (7391, from the laboratory of Han, Xiamen University) using the following Tom70 primers: HsaTOM70-F: 5′-CTCGAGAT-GGCCGCCTCTAAACCTGT-3′ and HsaTOM70-R: 5′-GG-TACCGTTAATGTTGGTGGTTTTAATCCGT-3′. The coding sequences were separately subcloned into the peGFP-N1 vector (Clontech) under the control of the zebrafish cmlc2 promoter. The plasmids were pressure-injected into one-cell-stage fish embryos. The GFP-expressing cells were identified in vivo using fluorescence Movie microscope (Leica) and were used to analyze cardiac function.
H&E staining
Embryos and adult tissue samples were fixed in 4% paraformaldehyde in PBS for 48 h at 4 °C. The samples were dehydrated in ethanol, embedded in paraffin and sectioned at 5 µm using a rotary microtome (Leica). The histological H&E staining of the sections was subsequently performed using standard protocols (Beyotime).
Transmission electron microscopy
Embryos were fixed in 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4) overnight at 4 °C and were post-fixed in 1% O S O 4 in PBS (pH 7.2), followed by standard infiltration, embedding and sectioning procedures. The sections were analyzed using a JEM-1230 transmission electron microscope.
Adenovirus construction and transfection
Recombinant adenoviral vectors expressing CMV-Tom70-eGFP and CMV-Tom70-siRNA-eGFP under the control of a CMV promoter were created at Shanghai R&S Biotechnology Co, Ltd. NRVMs were isolated, cultured and infected with adenoviruses (multiplicity of infection = 100).
In vivo administration of adenoviral vectors
CD-57 mice (6 weeks) were anesthetized with a ketamine (100 mg/kg)-xylazine (8 mg/kg) mixture, intubated and ventilated with room air. Adenovirus (2 × 10 9 plaque-forming units/ml) was administered by direct injection into the left ventricular cavity using an insulin syringe with a 29-gauge needle. At the indicated times after the injection of adenoviruses expressing Tom70 or an empty vector control, the mice were killed. Cardiac tissue samples were collected for immunological blotting analysis and were subsequently embedded, counterstained with H&E, and cut into 10-µm sections for histological analysis.
Mitochondrial membrane potential (ΔΨm)
The mitochondrial membrane potential-selective dye TMRE (Molecular Probes) was used to label the cells. At 48 h, TMRE was added to NRVMs at a final concentration of 600 nM. The cells were incubated for 20 min at 37 °C and washed with PBS. The images were collected by laser confocal microscopy (SP5, Leica) and analyzed using the Leica AF lit software. Before the experiments, carbonyl cyanide m-chlorophenyl hydrazone (CCCP; 5 µM; Sigma), which depolarizes mitochondria by increasing their permeability to protons, was employed to confirm the dye behavior.
Measurement of ATP concentrations
The NRVMs were cultured in white 96-well flat-bottom plates at 30 000 cells per well. The ATP content was measured using the Apoglow luciferin-luciferase bioluminescence kit (Cambrex, East Rutherford, NJ, USA) according to the manufacturer's protocol.
Quantification of mitochondrial fusion and fission in living cells
The mitochondrial morphology of the cells was observed after culturing for 48 h. The cells were stained with 600 nM MitoTracker Red FM for 30 min to visualize the mitochondrial morphology. As NRVMs have two different types of mitochondrial structure (center: round, pseudopod area: tubular), we observed and analyzed morphological change only in the pseudopod area. Images were captured using laser confocal microscope (SP5, Leica). The morphological changes are described using ImageProPLUS software (Media Cybernetics, Silver Spring, MD, USA). Fusion/ fission ratio was calculated by number of elongated mitochondria (roundness ≥ 3)/number of fragmented mitochondria (roundness < 3).
In vivo and in vitro detection of ROS generation
For in vivo ROS detection, live 2-to 4-day-old embryos (2-4 dpf) were incubated with 5 µM MitoSOX Red (Molecular Probes) for 20 min at 28.5 °C and were washed 3 × 5 min with embryo medium. The fluorescence was observed under a 488-nm wavelength excitation. To measure the intracellular ROS generation in vitro, myocytes with or without transfection were preincubated with 5 µM MitoSOX Red in DMEM for 30 min at 37 °C before
